The transcription factor Snail has been recently proposed as an important mediator of tumour invasion because of its role in downregulation of E-cadherin and induction of epithelial-mesenchymal transitions (EMT). This behaviour has led to the consideration of Snail as a potential therapeutic target to block tumour progression. In this report, we provide evidence for this hypothesis. We show that silencing of Snail by stable RNA interference in MDCK-Snail cells induces a complete mesenchymal to epithelial transition (MET), associated to the upregulation of E-cadherin, downregulation of mesenchymal markers and inhibition of invasion. More importantly, stable interference of endogenous Snail in two independent carcinoma cell lines leads to a dramatic reduction of in vivo tumour growth, accompanied by increased tumour differentiation and a significant decrease in the expression of MMP-9 and angiogenic markers and invasiveness. These results indicate that use of RNA interference can be an effective tool for blocking Snail function, opening the way for its application in new antiinvasive therapies.
Introduction
Maintenance of stable cell-cell contacts and cell polarity is an essential requirement for the functionality and homeostasis of epithelial tissues in the adult organism. This strict tissue organization is lost during the progression of epithelial tumours (carcinomas) and is particularly evident at the invasion stage (Behrens et al., 1992; Stetler-Stevenson et al., 1993) . During the invasive process, tumour cells not only lose their cell-cell adhesion properties but also frequently undergo profound changes in their phenotype known as epithelial-mesenchymal transitions (EMTs) (Behrens et al., 1992; Christofori and Semb, 1999) , a process reminiscent of EMT occurring at determined stages of development (Nieto, 2002; Thiery, 2002) . The Ecadherin/catenin complexes represent the main adhesion system responsible for the maintenance of cell-cell contacts in epithelial tissues (Takeichi, 1995; Huber et al., 1996) . Downregulation of E-cadherin expression or functional perturbations of the E-cadherin/catenin complexes frequently occur during the progression of carcinomas (Takeichi, 1993; Birchmeier and Behrens, 1994; Christofori and Semb, 1999) , and has been casually linked to the progression of adenoma to invasive carcinoma (Perl et al., 1998) . The molecular bases of E-cadherin downregulation during tumour progression have started to be elucidated in the last years. The present evidence indicates that silencing of E-cadherin expression may involve genetic and epigenetic changes. Among them, hypermethylation of the E-cadherin promoter and transcriptional repression have emerged as predominant mechanisms in most carcinomas (Christofori and Semb, 1999; Peinado et al., 2004a) . In the last years, several transcription factors have been characterized as repressors of E-cadherin acting through their interaction with proximal E-boxes of the human or murine promoters (Batlle et al., 2000; Cano et al., 2000; Grooteclaes and Frisch, 2000; Comijn et al., 2001; Perez-Moreno et al., 2001; Hajra and Fearon, 2002; Bolos et al., 2003; Yang et al., 2004) . Among them, the zinc-finger factor Snail of the Snail superfamily of transcriptional repressors plays a major role in triggering EMT during development of diverse species from Drosophila to mammals (reviewed in Nieto, 2002) . Snail induces a full EMT when overexpressed in epithelial Madin Darby canine kidney (MDCK) cells leading to the acquisition of a motile/invasive phenotype (Cano et al., 2000; Peinado et al., 2004b) . In agreement with this role, Snail (also known as Snail1) has also been found to downregulate the expression of additional epithelial genes, such as occluding, claudins or muc1 (Guaita et al., 2002; Ikenouchi et al., 2003; Ohkubo and Ozawa, 2004; Martinez-Estrada et al., 2005) , or to induce the expression of mesenchymal and invasive genes, like fibronectin and metalloproteinase (MMP)-9 (Cano et al., 2000; Guaita et al., 2002; Jorda et al., 2005) . Snail expression has been detected in increasing number of different human carcinoma and melanoma cell lines (reviewed in Peinado et al., 2004a) . More importantly, Snail is expressed at the invasive front of epidermoid carcinomas (Cano et al., 2000) and has been associated to the lymph node status and/or invasiveness of ductal breast carcinomas and hepatocarcinomas (Blanco et al., 2002; Sugimachi et al., 2003) and to local recurrence of breast tumours (Moody et al., 2005) . In addition, Snail expression has been shown to confer resistance to cell death mediated by several factors and chemotherapeutic agents (Kajita et al., 2004; Vega et al., 2004) . These evidences support a key role for Snail as inducer of tumour invasion as well as potentially contributing to tumour growth and/or chemoresistance mechanisms, therefore, providing a new therapeutic target.
In the present report, we have investigated whether the Snail function can be blocked by expression of Snailspecific RNA interference oligonucleotides in a stable fashion in tumour cell lines. We present evidence that stable silencing of Snail expression by small hairpin interfering (shRNA) effectively derepresses E-cadherin expression and leads to a full mesenchymal to epithelial transition (MET) in the MDCK-Snail cell system. Importantly, stable expression of shSnail in carcinoma cell lines with high levels of endogenous Snail results in a dramatic inhibition of tumour growth and invasiveness.
These results can open the way for therapeutic approaches based on the use of Snail specific RNAi oligonucleotides as new anticancer strategies.
Results
Interference of Snail derepresses E-cadherin promoter activity We and others have previously reported that Snail induces a strong repression of the proximal E-cadherin promoter in MDCK and other epithelial cell lines after either transient or stable transfection (Batlle et al., 2000; Cano et al., 2000) . Stable expression of Snail in MDCK cells not only represses the E-cadherin promoter but also induces a full EMT, accompanied by an invasive in vitro and in vivo behaviour (Cano et al., 2000; Peinado et al., 2004b) .
We initially used the MDCK-Snail cell system to prove that siRNA oligonucleotides specific to Snail are useful to abrogate its transcriptional action as well as its function in EMT and invasion. We designed a 19-mer siRNA oligonucleotide directed to the N-terminal region of the first zing finger of mouse Snail mRNA (position from 573 to 591 in mouse cDNA; Jorda et al., 2005) . Importantly, this specific nucleotide sequence is conserved between mouse and human Snail mRNA sequences (580-598 in human cDNA, accession number NM005985), but it is not present in Slug (also known as Snail2) mRNA of any species (Sefton et al., 1998; Manzanares et al., 2001) . The shSnail efficiency was tested by analysis on the E-cadherin promoter activity in MDCK and MDCK-Snail cells and compared with the E-cadherin promoter activity in MDCK-Snail-EGFP cells transiently transfected with shEGFP (Caplen et al., 2001) . Results indicate that both shSnail and shEGFP efficiently relieve the repression of the E-cadherin promoter mediated by Snail and Snail-EGFP, respectively, in MDCK cells (Supplementary Figures S1 and S2) . Analysis of E-cadherin promoter using the homologous Slug factor confirmed that the designed shSnail was indeed specific for Snail action, since the presence of shSnail did not affect the Slug mediated repression of E-cadherin promoter (Supplementary Figure S2C) .
Stable silencing of Snail expression by shRNA efficiently derepresses E-cadherin expression and leads to a MET Once established the specificity and effectiveness of the designed shSnail in the derepression of the E-cadherin promoter activity, we seek to analyse its effect after stable expression in Snail-expressing cells. To this end, the shSnail vector was stably transfected in the wellcharacterized MDCK-Snail cell system (Cano et al., 2000; Bolos et al., 2003; Peinado et al., 2004b) . Parallel studies were also performed with MDCK-Snail-EGFP cells that were stably transfected with the either shEGFP or shSnail vectors. Ten to 20 clones were isolated from each transfection and results of three representative independent clones from each setting are shown in the following figures.
The effectiveness of Snail interference in the stable clones was determined by semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis. As shown in Figure 1a and Supplementary Figure S3A , either complete absence or very low levels (o10% over the corresponding control) of Snail mRNA was observed in all analysed independent clones, while control MDCK-Snail cells transfected with shEGFP showed levels of Snail transcript similar to those of parental MDCK-Snail and MDCK-Snail-EGFP cells ( Figure 1a and Supplementary Figure S3A , middle panels). Analysis of E-cadherin mRNA levels indicated robust expression of E-cadherin transcript in all independent clones with silenced Snail expression ( Figure 1a and Supplementary Figure S3A , upper panels), confirming and extending our recent results (Jorda et al., 2005) . Re-expression of E-cadherin after Snail interference in the individual clones was further confirmed at the protein level, as assessed by Western blot (Figure 1b and Supplementary Figure S3B ) and immunofluorescence analysis (Figure 2 , E-CD panels).
Importantly, the stable interference of Snail obtained in the MDCK-Snail/MDCK-Snail-EGFP systems, apart from reactivating E-cadherin expression, also induce significant changes in mesenchymal markers, since the expression of fibronectin and vimentin was strongly decreased in all analysed clones with effective interference of Snail or Snail-EGFP (Figure 1b and Supplementary Figure S3B , and data not shown), supporting the pleiotropic role of Snail in the control of epithelial as well as mesenchymal markers (Nieto, 2002; Thiery, 2002) . In agreement with the changes observed in E-cadherin and mesenchymal proteins, the efficient silencing of Snail induced a dramatic change in the phenotype of MDCK-Snail/MDCK-Snail-EGFP cells, with a reversion to an epithelial morphology observed in all selected clones (Figure 2 , phase contrast images, and data not shown). Immunofluorescence analysis of E-cadherin and mesenchymal markers clearly (Figure 2) . Indeed, the morphological phenotype and organization of the indicated markers in the independent clones with stable Snail interference was almost undistinguishable to that exhibited by control MDCK-mock cells (Figure 2 , compare upper with the lower row of panels). Importantly, reversion of the phenotype was also observed after silencing of Snail-EGFP fusion by shEGFP (data not shown), thus discarding unspecific effects of the RNAi oligonucleotide used. Figure 3 , MDCK-Snail cells show a highly infiltrative behaviour after 1 week of culture showing abundant expression of vimentin and complete absence of E-cadherin (Figure 3 , middle panels), in agreement with our previous analysis (Peinado et al., 2004b) . However, when Snail was interfered, cells grew as a monolayer of non-infiltrating polarized epithelial cells, expressing E-cadherin at the basolateral membrane (Figure 3 , lower panels), thus exhibiting a behaviour indistinguishable of 
Interference of endogenous Snail in carcinoma cells affects EMT markers and results in decreased invasiveness
The effectiveness of the designed shSnail to block endogenous Snail expression was analysed in carcinoma cells. We chose two mouse epidermal carcinoma cell lines, derived from squamous cell carcinoma (HaCa4) and spindle cell carcinoma (CarB), which we previously extensively characterized as being deficient in E-cadherin, expressing high levels of Snail and Slug and showing a highly invasive, tumorigenic and metastatic behaviour (Navarro et al., 1991; Llorens et al., 1998; Cano et al., 2000) . After transfection of each cell line with shSnail five to 10 stable clones were isolated and characterized (named HaCa4-shSnail and CarB-shSnail, respectively).
As negative controls, each parental cell line was also transfected with shEGFP (HaCa4-shEGFP and CarBshEGFP). RT-PCR analyses showed the effectiveness of Snail silencing in independent clones derived after shSnail transfection in either HaCa4 or CarB cells ( Figure 4a , Snail panels), demonstrating the total loss of Snail expression achieved in the independent clones. The Snail silencing and inhibition of tumour growth D Olmeda et al specificity of the Snail interference was also evidenced, since no significant changes in the level of endogenous Slug mRNA were detected in the shSnail derived clones from either cell line as compared to their corresponding parental and control cells ( Figure 4a , Slug panels). After this confirmation, we looked into the expression of several mesenchymal markers, such as fibronectin and vimentin, that were significantly decreased in CarBshSnail clones (Figure 4b ), indicating that some of the EMT-associated markers are directly influenced by Snail silencing in CarB cells. Importantly, reexpression of E-cadherin at the mRNA level was also detected in HaCa4-shSnail clones (Figure 4a, upper panel) . In fact, analysis of E-cadherin promoter activity indicated the reactivation of the promoter up to 60-fold in HaCa4-shSnail and seven-fold in CarB-shSnail clones, as compared to their respective parental and control cells (data not shown). Immunofluorescence analysis of fibronectin indicated reduced expression and/or organization at the cell surface of the CarB-shSnail clones; however, no expression of E-cadherin protein could be detected in the shSnail derived clones from either HaCa4 or CarB cells (Supplementary Figure S4) . In agreement with these observations, minor changes were detected in the phenotype of the shSnail-derived cells as compared to control cells: a more extended morphology of the CarB-shSnail clones and slightly more compact organization of HaCa4-shSnail clones (Supplementary Figure  S4 , phase contrast images). These results indicate that additional mechanisms are required to maintain stable E-cadherin expression in in vitro culture; nevertheless, this situation can be overcome in in vivo tumour contexts (see below). We have recently reported that Snail silencing in MDCK-Snail cells efficiently suppressed the expression and secretion of MMP-9 (Jorda et al., 2005) . Therefore, we analysed if stable Snail silencing in HaCa4 and CarB carcinoma cell lines was able to affect MMP-9 expression. As shown in Figure 5a , the activity of the mouse MMP-9 promoter was dramatically reduced in all HaCa4-and CarB-shSnail clones compared to parental and control cells. In agreement with these results, HaCa4-shSnail or CarB-shSnail cells showed strongly decreased activity of secreted MMP-9 compared to controls (Figure 5b ). MMP-2 activity was detected in the conditioned media of CarB cells and was not affected by Snail silencing. The absence of MMP-2 activity was observed in HaCa4 cells (and derived clones), as previously described for this cell system (Llorens et al., 1998) . Finally, to analyse the biological effect of Snail silencing in invasion properties, transwell assays on collagen type IV gels were performed. Both HaCa4-shSnail and CarB-shSnail clones exhibited strongly reduced in vitro invasive capacity compared to parental and control cells (Figure 5c ). Together, these results indicate that blockade of endogenous Snail expression in carcinoma cells affects the expression of some EMT markers and strongly reduces their invasive capacity, regardless of the expression of the closely related Slug factor.
Snail interference in carcinoma cells dramatically decreases tumour growth and influences tumour differentiation
To get further insights into the biological relevance of Snail interference, we analysed its effect on the tumorigenic properties of HaCa4 and CarB cells. Two independent shSnail-derived clones from CarB and five from HaCa4 cells were injected into nude mice, in Figure 6a , left panels), a fact of particular relevance given the extremely aggressive behaviour of the parental HaCa4 cell line (Navarro et al., 1991; Llorens et al., 1998) . These results indicate that silencing of endogenous Snail strongly influences the tumorigenic behaviour of carcinoma cells.
RT-PCR analysis of tumours derived from the different cell lines indicated that Snail transcripts remained silenced in all tumours derived from shSnail clones (Figure 6b, middle panels) . Interestingly, reexpression of E-cadherin transcripts inside tumours was indeed detected, but only in those cases that maintained Snail silenced: that is, it was not detected in tumours derived from parental and control cell lines with high levels of Snail expression (Figure 6b , compare upper and middle panels), indicating that Snail silencing effectively derepresses E-cadherin expression in an in vivo context in either CarB or HaCa4 cells. Histological and immunostaining analysis of the xenografts further confirmed the biological effect of Snail blockade. HaCa4-shEGFP and CarB-shEGFP cells induced tumours with histological characteristics similar to those induced by their corresponding parental cells, moderately differentiated squamous cell carcinomas (Figure 7a and e) and spindle cell carcinomas (Figure 7c and g ), respectively. In contrast, tumours induced by HaCa4-shSnail cells showed a significant change to a more differentiated squamous cell phenotype with extensive areas of keratinization (Figure 7b and f) , while tumours induced by CarBshSnail cells showed a less spindle phenotype (Figure 7d and h). In agreement with the histological pattern, immunohistochemical staining of the HaCa4-shSnail xenografts showed abundant areas with re-expression of E-cadherin protein well organized at cell-cell contacts, a fact particularly evident at the most differentiated regions of tumours (Figure 7j, see inset) . This expression pattern is reminiscent of that detected in well-differentiated mouse skin squamous cell carcinomas where E-cadherin is mainly detected in the differentiated suprabasal layers (Navarro et al., 1991) . Staining of E-cadherin was also detected in scattered regions of RT-PCR analysis of mSnail and mE-cadherin (mE-CD) performed on RNA samples isolated from individual tumours generated by HaCa4 (left panels) or CarB (rigth panels) cells and the indicated derived clones. GAPDH mRNA levels was included as loading control. Analysis of RNA obtained from two independent tumours induced from each cell type is shown.
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CarB-shSnail xenografts, although with a more diffuse/ cytoplasmic pattern (Figure 7l) . The E-cadherin staining pattern observed in HaCa4-shSnail xenografts was in sharp contrast to the absence of E-cadherin detected in tumours induced by the corresponding control cells (Figure 7i ). Immunohistochemical analysis of the proliferation marker Ki67 showed strongly decreased staining in the shSnail derived xenografts from either cell type (Figure 7n and p) compared to their corresponding control shEGFP xenografts (Figure 7m and o, respectively). To further characterize the effect of Snail interference in the tumour phenotype, immunofluorescence analysis of mesenchymal and invasive markers was performed. As shown in Figure 8A , decreased expression of vimentin was detected in both HaCa4-shSnail ( Figure 8A (b) ) and CarB-shSnail xenografts ( Figure 8A (d) ) compared with the corresponding controls ( Figure 8A (a) and (c) respectively). Strong reduction of MMP-9 stain was also detected in tumours induced by HaCa4-shSnail ( Figure 8A (f) ) and CarB-shSnail ( Figure 8A (h) ) clones compared to their corresponding controls ( Figure 8A (e) and (g), respectively). Quantitative RT-PCR analysis confirmed the reduction of vimentin and MMP-9 expression at the mRNA level in growing tumours induced by HaCa4-and CarB-shSnail cells, and the strong reduction of fibronectin mRNA levels in HaCa4-shSnail xenografts ( Figure 8B) . Finally, the angiogenic potential of tumours induced by HaCa4-shSnail and CarB-shSnail clones was analysed by determining CD31 expression. Interestingly, when tumours of the same size were compared, the central region of HaCa4-shSnail and CarB-shSnail xenografts showed a dramatic decrease in the number of CD31 positive cells ( Figure 8A (j and l)) compared with the central areas of tumours induced by control HaCa4-shEGFP and CarB-shEGFP cells ( Figure 8A (i) and (k), respectively). The observed changes in the expression of mesenchymal and invasive markers at the mRNA level could also be observed in HaCa4-and CarB-shSnail clones when growing in in vitro culture (Supplementary Figure S5) . In contrast to the above results, no significant differences in the apoptotic index of the tumours induced by shSnail-derived cells and their corresponding control could be detected (data not shown). On the other hand, no changes in the in vitro proliferation potential or in the apoptotic response to serum deprivation were detected in HaCa4-shSnail and CarBshSnail cells with regard to their corresponding parental or control cell lines (Supplementary Figure S6) . Taken together, these data suggest that inhibition of tumour growth induced by Snail silencing in HaCa4 and CarB carcinoma cells can be mediated by a combination of action on the differentiation and angiogenic properties of tumour cells, a behaviour that is fully manifested in in vivo contexts. It can not be excluded, however, that Snail silencing and inhibition of tumour growth D Olmeda et al the effect of Snail silencing be cell context dependent, as Snail induced decrease in cell proliferation has been described in certain in vivo context (Vega et al., 2004) .
Discussion
EMT is an essential process during embryonic development and tumour progression allowing the migration of cells from the original epithelial tissue or primary tumour into the adjacent tissues, therefore favouring some cellular processes such as the generation of mesoderm in the embryos or the colonization of secondary tissues (metastasis) by tumour cells (Thiery, 2002) . Loss of E-cadherin is a hallmark of EMT and its relevance during tumour progression has led in the last years to a growing knowledge on the molecular mechanisms involved in its downregulation. Epigenetic changes, including E-cadherin promoter hypermethylation and transcriptional repression, are the main mechanisms involved in E-cadherin downregulation in most carcinomas and carcinoma derived cell lines (Christofori and Semb, 1999; Peinado et al., 2004a) .
Among the identified transcriptional repressors of E-cadherin, Snail family factors have emerged as important regulators of EMT during embryonic development (Nieto, 2002) . Significantly, Snail expression is associated to the downregulation of E-cadherin in many different carcinoma and melanoma cell lines (revised in Peinado et al., 2004a) , and its expression in primary tumours has been associated to the invasive regions of squamous, breast and hepatocellular carcinomas (Cano et al., 2000; Blanco et al., 2002; Sugimachi et al., 2003) . These observations, together with the ability of Snail to induce a full EMT and tumorigenic and invasive properties when expressed in epithelial cells (Cano et al., 2000; Peinado et al., 2004b) , support a main role for Snail in induction of invasiveness. Therefore, Snail might be an appropriate therapeutic target to interfere the EMT process and, in turn, to block tumour invasion.
We have directly approached this important issue by analysing the effect of stable Snail silencing by shRNA in Snail expressing cells. By using a double approach, interference of Snail expressed as either the wild type or Snail-EGFP fusion form in MDCK cells, we have obtained compelling evidence that stable blocking of Snail expression leads to the complete reversion of the phenotype, inducing a full MET process associated to the reexpression of E-cadherin and, concomitantly, to downregulation of mesenchymal and invasive markers, like MMP-9. The effect of Snail interference on E-cadherin and MMP-9 expression occurs at transcriptional level involving derepression of the proximal E-cadherin promoter and reduction of MMP-9 promoter activity, in full agreement with the reported Snail induced repression and activation of both promoters, respectively ( , 2005) . According to these observations, interference of Snail indeed blocked invasion of MDCKSnail cells in three-dimensional cultures. Importantly, interference of Snail by the shSnail used here is highly specific and occurs without affecting the homologous zinc-finger factor Slug. Acute administration of shSnail was sufficient to observe transcriptional effects of the factor; that is, abrogation of Snail-mediated repression of E-cadherin promoter (see Supplementary Figures S1  and S2 ), but it did not allow to observe the stable phenotypic transformation or the long-term biological effects of Snail silencing. The biological significance of specific and stable Snail interference has been tested in two murine carcinoma cell lines, HaCa4 and CarB, showing endogenous expression of Snail and Slug and very aggressive tumorigenic, invasive and metastatic behaviour (Navarro et al., 1991; Llorens et al., 1998; Cano et al., 2000) . The results obtained indicated that effective and specific blockade of Snail transcripts was achieved in both carcinoma cell lines by stable expression of the designed shSnail without affecting expression of endogenous Slug transcripts, as confirmed by analysis of five to 10 independent clones from each cell line. Stable interference of Snail expression in HaCa4 and CarB cells led to significant changes in the expression of several markers associated to EMT: activation of E-cadherin promoter, decreased expression of vimentin and fibronectin at protein and mRNA levels, and downregulation of MMP-9 expression and secreted activity. Importantly, Snail blockade leads to a significant decrease in in vitro invasiveness of both HaCa4 and CarB cells. Therefore, Snail silencing interferes with biological properties of carcinoma cells of potential meaning for their in vivo behaviour. This was indeed confirmed in xenotransplant assays, since stable Snail silencing in CarB and HaCa4 cells leads to a dramatic reduction in the growth of tumours induced by both carcinoma cell lines (up to 95% reduction for HaCa4 cells). Importantly, the decrease in tumour growth is associated to the reexpression of E-cadherin and concomitantly to reduced cell proliferation and decreased expression of vimentin, MMP-9 and CD31 markers, and results in a more differentiated tumour phenotype, a fact particularly evident in the tumours induced by HaCa4-shSnail clones. The differences observed in the induction of E-cadherin mRNA expression after Snail silencing in HaCa4 and CarB cells in vitro might be explained by the more dedifferentiated phenotype of CarB cells and/or to differential action of other E-cadherin repressors (like Slug or E47) that should be able to maintain E-cadherin repressed in culture, even in the absence of Snail, in CarB cells. Nevertheless, inside tumours reexpression of E-cadherin can be achieved after Snail silencing in either CarB or HaCa4 cells, indicating that blockade of Snail expression can effectively overcome the action of other E-cadherin repressors in an in vivo context. In addition to E-cadherin expression, other important properties of shSnail derived cells, like decreased proliferation and increased differentiation, are only manifested in growing tumours, but not in culture, indicating that the full biological effect of Snail silencing must be strongly influenced by the tumour microenvironment. Interestingly, we have recently reported a similar behaviour after silencing of lysyl oxidase like-2 (LOXL2), a Snail regulator, in both HaCa4 and CarB cells . These observations also call for the need of in vivo studies to fully determine the biological effects of Snail interference or other relevant molecules for tumour progression.
Some recent studies have made use of several siRNA duplex oligonucleotides against Snail to assess the effect of transient silencing of the factor and some of their transcriptional effects (Espineda et al., 2004; Kajita et al., 2004) . However, none of the previous studies have analysed the effect of long time and effective silencing of Snail and their in vivo consequences, an approach certainly required to assess the potential of anti-Snail therapies. To our knowledge, this is the first time that stable silencing of Snail expression has been achieved with high efficiency by RNA interference in model cell systems and, more importantly, in carcinoma cells, thus allowing the study of the wide spectrum of biological effects mediated by Snail, ranging from transcriptional control to phenotypic, invasive and tumorigenic properties. Importantly, the dramatic reduction of tumour growth observed after effective silencing of endogenous Snail, reported here for the first time, strongly supports its potential therapeutic application in human carcinomas with Snail expression. These results may, therefore, open new avenues for exploring novel cancer therapies based in the use and effective delivery of Snail RNAi reagents.
Materials and methods
Cell culture MDCK-II (immortalized canine epithelial kidney cells), mouse spindle carcinoma CarB and their derived cell lines were grown in Dulbecco's modified Eagle's medium (DMEM); mouse squamous cell carcinoma HaCa4 and derived cell lines were grown in HamF12 (Gibco BRL; San Diego, CA, USA). All culture media were supplemented with 10% FBS, 2 mM L-glutamine and antibiotics, at 371C in a humidified 5% CO 2 atmosphere.
Generation of expression vectors and stable cell lines
Generation of pcDNA3-Snail, Slug and Snail-EGFP expression vectors have been previously described (Cano et al., 2000; Bolos et al., 2003; Peinado et al., 2005) . The generation of shRNA, containing specific oligonucleotide sequences against EGFP (22nt) (Caplen et al., 2001) or against mouse/human Snail (19nt: 5 0 -GATGCACATCCGAAGCCAC-3 0 ), cloned into the pSuperior-Puro vector (Oligoengine) has been recently described (Jorda et al., 2005) . The different vectors were transfected in the indicated cell lines using lipofectamine (Gibco BRL), and stable transfectants obtained by selection with the appropriate antibiotic during 2-4 weeks: SnailEGFPcDNA was transfected in MDCK cells and selection with 400 mg/ml G418 (MDCK-Snail-EGFP cells); pSuperiorPuro (mock), pSuperior-shEGFP (shEGFP) and pSuperiorshSnail (shSnail) vectors were transfected in MDCK, MCDKSnail, isolated MDCK-Snail-EGFP clones, HaCa4 or CarB cells and selection performed with 1 mg/ml puromycin. Ten to 20 clones were isolated after shRNA transfection in either cell Snail silencing and inhibition of tumour growth D Olmeda et al type and individually characterized, or collected as pooled clones in control transfections. The origin and characterization of MDCK-CMV, MDCK-Snail, HaCa4 and CarB cells has been previously described (Navarro et al., 1991; Llorens et al., 1998; Cano et al., 2000) .
E-cadherin and MMP-9 promoter analysis The proximal mouse E-cadherin-Luc (À178 to þ 92) and the mouse MMP-9-1170Luc (À1170 to þ 142) promoters were used as previously described (Bolos et al., 2003; Jorda et al., 2005) . Cotransfections were carried out in the indicated cell lines and in the absence or presence of the indicated amounts of Snail/Slug expression vectors and/or shSnail or shEGFP constructs. Luciferase and renilla activities were measured with the dual-luciferase reporter assay kit (Promega, Madison, WI, USA) and normalized to the wild-type promoter activity detected in mock-transfected (with pcDNA3 or pSuperiorshEGFP) cells.
RT-PCR and Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from the different cell lines, and RT-PCR analyses were carried out as previously described, using specific primers for mouse Snail, mouse Slug and canine or mouse E-cadherin, as indicated, and GAPDH (Cano et al., 2000; Perez-Moreno et al., 2001; Bolos et al., 2003) . RT-PCR of tumours was performed as recently described, after careful dissection of tumours .
For qRT-PCR analysis, 2.5 mg of total RNA from cells and tumours were used to synthesize cDNA using High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). Fifty nanograms of cDNA was added to quantitative 2 Â PCR master mix, which also contained SYBR green (Applied Biosystems) and 300 nM of each gene-specific primers. PCR was carried out at 601C (annealing temperature) during 40 cycles using the following primers: mouse fibronectin, 5 0 -GATGCCGATCAGAAGTTTGG-3 0 , 5 0 -GGTTGTGCA GATCTCCTCGT-3 0 ; mouse vimentin, 5 0 -CCAACCTTTTCTT CCCTGAA-3 0 , 5 0 -TGAGTGGGTGTCAACCAGAG-3 0 ; mouse MMP-9, 5 0 -ACGACATAGACGGCATCCA-3 0 , 5 0 -GCTGT GGTTCAGTTGTGGTG-3'; mouse 18S-rRNA, 5 0 -CCAGT AAGTGCGGGTCATAAGC-3 0 , 5 0 -CCTCACTAAACCATC CAATCGG-3 0 qRT-PCR was performed in triplicate samples and normalized to 18S rRNA using 348-well plates on a 7900HT Fast Real Time PCR System (Applied Biosystems), according to the manufacturer's instructions.
Cell extracts and Western blot analysis
Whole-cell extracts were obtained using RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulphate (SDS)), containing protein inhibitors. For Western blot analysis, 30 mg of total protein from each sample were loaded on 7.5, 10 or 12% SDSpolyacrylamide gel electrophoresis (PAGE) gels. Transference, blocking and incubation with the appropriate antibodies was performed as described (Cano et al., 2000; Perez-Moreno et al., 2001; Bolos et al., 2003) . The primary antibodies used included: mouse monoclonal anti-a-tubulin (1:1000) (Sigma Chemical Co) and anti-vimentin (1:2000) (Babco), rat monoclonal anti-E-cadherin (ECCD-2) (1:200) and rabbit polyclonal anti-fibronectin (1:4000) (Sigma Chemical Co., St Louis, MO, USA).
Gelatin zymography
Gelatin zymography was performed as described (Llorens et al., 1998; Jorda et al., 2005) . Briefly, cells were grown in normal growth media; serum-free media was placed on confluent cultures for 24 h to collect conditioned medium. Twelve micrograms of conditioned media were mixed with SDS sample buffer without reducing agent and fractionated on 7.5% SDS-PAGE gels containing 0.1% gelatin. The gels were incubated at 371C after removing the SDS by washing with 2.5% Triton X-100-containing buffer. The gels were stained with Coomassie Brilliant Blue R250, and the gelatinolytic activities were detected as clear bands against a blue background.
Confocal immunofluorescence
Cells grown on glass cover slides were washed three times with phosphate-buffered saline (PBS) and fixed in 100% methanol (at À201C) for 4 min and washed in PBS. Slides were incubated with the indicated primary antibodies at optimal dilution for 1 h, washed in PBS and incubated with the appropriate secondary antibody coupled to anti-mouse Alexa 488, antirabbit Alexa 648 or anti-rat FITC for 45 min. DAPI (4,6-diamidino-2-phenylindole) (Sigma Chemical Co.) was used for DNA stain. Confocal images were obtained with a Leica TCS SPII Spectral microscope and Â 63/1.3 NA oil objective. Primary antibodies included: anti-vimentin (1:200), rat monoclonal anti-E-cadherin (ECCD-2) (1:50) and rabbit polyclonal antifibronectin (1:200).
Invasion assays
Invasion assays in three dimensional cultures on collagen gels were performed as previously described (Peinado et al., 2004b) . Briefly, 1 Â 10 6 cells were seeded onto collagen gels (type I) in filter-culture inserts (pore size 3.0 mm, polycarbonate; Becton Dickinson, Franklin Lakes, NJ, USA). The cultures were immersed in DMEM and grown for the indicated time periods. Medium was completely replaced every 3 days. At the end of the culture period, membranes with the cultures were dissected from the filter inserts and immediately frozen in liquid nitrogen embedded in Tissue Tek OCT Compound (Medim). At least four cultures of each cell clone were analysed.
Invasion assays on modified Boyden chambers on collagen type IV gel were performed as previously described (Cano et al., 2000; Perez-Moreno et al., 2001) , starting with 1 Â 10 6 seeded cells, and counting of cells into the lower part of the filter 24 h after seeding.
Local tumour growth and histological studies Murine CarB and HaCa4 cells (1 Â 10 6 in 0.1 ml PBS) from subconfluent cultures were injected into the dorsal midline of female Balb/c nude immunocompromised mice, aged 8 weeks (Charles River). Growing tumours in mice were measured every 2 days using caliper by determination of the two orthogonal external diameters and statistical comparisons were made using the ANOVA analysis. Mice were killed when the tumours reach a size of 0.5 cm 3 ; tumours were surgically excised and processed for histology, immunostaining and RT-PCR analysis as recently described (Peinado et al., 2004b . Mice were housed and maintained under specific pathogen-free conditions and used in accordance with institutional guidelines and approved by the Use Committee for Animal Care. A minimum of eight tumours from each cell line was generated and, at least, four different tumours derived from each cell line were analysed. For RT-PCR, one part of the tumour was directly frozen in liquid nitrogen after careful removal of all surrounding skin. For immunostaining procedures, one part of the tumour tissue was fixed in formalin and embedded in paraffin and another was frozen in liquid nitrogen embedded in Tissue Tek OCT Compound and stored at À701C. Paraffin sections were stained with haematoxylin and eosin or analysed by immunohistochemistry with anti-E-cadherin (1:100) or rabbit monoclonal anti-Ki67 (1:200) (Clone SP6, Lab Vision Corporation), and frozen sections were simultaneously analysed by immunofluorescence with anti-MMP-9 (1:200), anti-CD31(1:300) (Chemicon), antivimentin (1:200) and appropriate secondary antibodies as described (Peinado et al., 2004b .
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